1 Few experiments directly test the role of density dependence in natural plant communities. 2 We tested (i) whether different initial seed densities of the entire seed bank of an annual plant community affected performance (emergence, mean plant biomass and survival) and (ii) whether density-dependent processes were operating within the communities. We also tested whether life-stage, year and soil moisture (both on a topographic gradient and in an experimental manipulation) influenced the effects of seed density. 3 We considered two distinct phases: seed to emergent seedlings, and emergent seedlings to established plants. 4 The seed bank was collected from a semistabilized sand dune in the Negev Desert, Israel. This was added to sieved sand in plots at the same site at four different initial seed densities: 1/16×, 1/4×, 1× (natural seed density) and 2×. The experiment was repeated for three consecutive growing seasons. 5 Emergence of seedlings was significantly influenced by initial seed density in all 3 years, with higher initial seed densities having lower rates of emergence. 6 Mean final plant size was negatively density dependent and consistently unaffected by the initial seed density sown. 7 In general, there were no strong interactions of topographic position with initial seed density, processes within the vegetation were not density dependent and the experimental addition of water did not influence any of the performance measures tested. Density-dependent processes vary from year to year, while moisture effects do not. 8 We conclude that seedling emergence and some processes in the established plant community are density dependent, but the established plant community is also affected by other processes, such as resource limitation.
Introduction
Whilst Crawley (1997) argues that populations without density-dependent processes will go extinct, White (2001) denies the very existence of density-dependent regulation. Perhaps the debate was foreseen by Murray (1994) , who suggested that although we make general predictions using the concept of density dependence, we do not address specific questions about how regulation might occur. In addition, Goldberg et al. (2001) specifically identify three major shortcomings in the density-dependence literature: (i) most studies only consider variations in density of a single focal species; (ii) most studies that address density dependence in the field only do so non-experimentally; and (iii) observing changes in the density of only a few species in the field makes it difficult to extrapolate to other species or habitats. However, because different species of plants interact in the field, the whole community may be subject to density-dependent regulation. Community-level processes may thus regulate parameters such as birth or death rates and thereby influence community structure (Crawley 1997) ; however, this general concept and the evidence itself are equivocal (Goldberg & Barton 1992; Murray 1994 ; Goldberg et al. 2001; White 2001) . It is critical that experimental tests of important ecological concepts, such as density dependence, be validated under more natural conditions. We are interested in determining whether whole community manipulations of density in the field, through experimental manipulation of the seed bank, directly influence interactions within the plant community, as a direct extension of the study of Goldberg et al. (2001) , which tested for density dependence under the controlled conditions of an experimental garden. We used the same experimental approach changing initial seed density, but because we also incorporated a topographic gradient (which corresponds to natural differences in soil moisture) and experimental manipulation of water levels, we were able to test whether such regulation or environmental limitation is more important in structuring this plant community.
The potential range of responses by a community to manipulation of total density include negative density dependence (i.e. decreased performance with increasing density, Goldberg & Barton 1992; Goldberg et al. 2001) , positive density dependence (Bertness & Callaway 1994; Callaway 1995; Callaway & Walker 1997; Goldberg et al. 2001 ) and density independence. Negative density dependence is typically interpreted as either competition through interference or exploitation, and positive density dependence is typically attributed to facilitative non-trophic interactions such as reduced stress or protection from herbivores (Bertness & Callaway 1994; Callaway 1995 Callaway , 1998 . The most direct methods used to test for these effects are removal of the entire neighbourhood surrounding a focal species and sowing different densities of the community. The first approach is common in both the competition and facilitation literature (Goldberg & Barton 1992; Callaway 1995) . While the second is rarer , it provides the opportunity to test for two different effects. First, it determines whether seed-seed interactions may influence the early emergent and final established plant community, and secondly, it provides a test of density dependence without altering the proportions of species represented within both the germinating and emergent vegetation. Competition studies that measure net effects at the end of the growing season have been criticized for recording only the final outcome of interactions (Gibson et al. 1999; Connolly et al. 2001) , because it is highly likely that the outcome of interactions between plants is dependent on lifestage, primarily due to changes in plant size (Callaway & Walker 1997) . The manipulation of initial community density (Goldberg et al. 1995; Goldberg et al. 2001) and monitoring changes in the subsequent plant community over time allows us to distinguish between interactions and final outcomes (i.e. density-dependent processes and density-dependent effects). By changing the independent variable for different dependent variables based on life-stage, i.e. seed density for emergence and final plant density for shoot mass, Goldberg et al. (2001) implicitly assume that the initial seed density treatments are important only for initial early season measures such as emergence. However, this may not always necessarily be the case. We explicitly tested whether interactions between seeds are important for both the germinating plant community and the emergent plant community by using two separate sets of analyses: s for response variables to the initial seed density manipulations (additional approach) and regressions for interactions within each life-stage (similar to Goldberg et al. 2001) . To test for density dependence, the latter approach is sufficient, but both approaches are necessary to fully understand the relative importance of interactions between seeds and plants and to distinguish between interactions and outcomes.
In addition to changes in density-dependent effects with life-stage, the level of environmental stress may also influence the outcome of interactions between plants, which is inversely related to productivity. The predictions are highly debated (Goldberg & Barton 1992; Goldberg et al. 1999) , but in general competition is either expected to decrease with increasing stress (Grime 1973 (Grime , 1977 Bertness & Callaway 1994) or remain relatively constant (Newman 1973; Tilman 1988) . It has also been argued that the type of stress gradient tested (natural versus manipulative) may significantly influence whether the outcome is positive or negative (Goldberg & Barton 1992; Kadmon 1995) . Furthermore, the level of stress, in these cases available water, may also vary from year to year depending on local weather conditions such as total amount or frequency of rainfall (Kadmon 1995; Tielborger & Kadmon 2000; Novoplansky & Goldberg 2001) . In this study, we restrict our treatment of stress to moisture level by using two different topographic positions on a dune that indirectly corresponds to a natural soil moisture gradient (high and low soil moisture) and by supplementing natural precipitation in the field at both positions. We manipulate both moisture level and density concurrently to determine whether the importance of available water at different seed and plant densities varies and if limitation by the environment is important.
Using the initial community density approach (developed by Goldberg et al. 1995) , i.e. sowing the seed bank at different densities, we ask the following questions: (i) does the initial seed density influence the emergent and the established plant community; and (ii) are density-dependent processes important within both of these communities. We predicted that density effects would be observed, whereby initial seed density influences the plant community both at the emergent seedling stage and in its final form, and interactions within the established plant community will also be density dependent. We also hypothesized that the effect of initial seed density and density-dependent effects will vary with life-stage, moisture (i.e. with topographic position on a natural soil moisture gradient and manipulation of amount of water) and temporally (i.e. between years).
Methods

     
The study site is a semistabilized sand dune dominated by winter annuals and sparsely distributed shrubs at Bir Asluj in the Holot Mashabim Nature Reserve (31°00.212′ N, 34°44.474′ E) in the central Negev desert, Israel. There are typically about 20 species of annual plants in this community (area of dune about 1 ha) Goldberg et al. 2001) . Rainfall occurs primarily in winter months (December to April) and has a 30-year average of 110 mm per year . In the 1998 growing season there were 27 rainfall events totalling 96.82 mm; in 1999, rainfall events were less frequent (10 totalling 39.6 mm), and in 2000, 14 rainfall events totalled 35.7 mm (data provided by the Blaustein Meteorological Unit). Hence, the years sampled included one relatively wet year and two dry years (1/3 the MAP). The experiment was performed on the north face of the dune with prevailing winds from the north-west. Soil moisture was measured five times each season with a portable TDR (Tektronix 1502C) at two positions on the dune (lower and upper) and at two depths (5 and 20 cm, field capacity: 16% soil moisture). The lower position on the dune consistently had higher soil moisture at both depths (mean percentage field capacity; 11.6 ± 0.07% vs. 10 ± 0.08% at 5 cm, 47.3 ± 0.67% vs. 44.3 ± 0.7% at 20 cm, F 3,108 = 4.78, P = 0.0035, and F = 6.94, P = 0.0003, respectively, repeated measure s). The growth of natural vegetation and transplants also confirms that the upper position on the dune is less suitable for plant growth (lower productivity) than the lower position.
 
To test for density dependence, initial seed density was varied by sowing different amounts of the entire seed bank (thereby maintaining a constant proportion of the different species of seeds into 0.5 × 0.5 m plots). The experiment was repeated during the winters of 1998, 1999 and 2000 at the two different topographic positions on the dune (corresponding to high and low soil moisture). In 1998 the species abundance was recorded throughout the growing season to determine if seed density affects diversity. In 1999, half of the plots at each position received additional water to further test if moisture level influenced density-dependent processes.
Seed was collected (along the length of the dune) early each November using a modified shovel that removes the top 2 cm of sand. This depth effectively samples at least 99% of the total seed bank (Venable 1989) . Seed was separated from the sand using a 500-µm sieve to capture virtually all of the seed . Natural seed bank density (1×) was then calculated for the field site (based on amount of seed collected per unit area) and was found to be 600.8 g m −2 in 1998, 625.3 g m −2 in 1999 and 597 g m ). Plots were sown at one of four seed densities: 1/16×, 1/4×, 1× and 2× the natural seed density for the field (1998 value used for all three seasons).
Two transects (50 m apart) were marked, one at the lower position (higher soil moisture) and one at the upper position (lower soil moisture) on the same semistabilized sand dune from which seed had been collected. On each transect, 10 blocks each with 5 plots (0.5 × 0.5 m) were marked. The blocks were spaced at least 1 m apart on the transects, and plots had a 20-cm buffer between them. The sand from four of the plots in each block was collected and sieved to remove seed before mixing with collected seed to give one of the four densities and replaced in each plot. Densities were randomly assigned to plots within each block. In 1998, 10 additional 0.5 × 0.5 m plots were cleared, sieved, and the seedless sand replaced to test the effectiveness of sieving in the field and to determine if additional seeds were dispersed into plots prior to germination.
Each year the emergent vegetation was surveyed three times: early season (the end of January after the maximum number of seedlings had emerged as determined by two to three initial censuses), mid-season (the end of February), and at the end of the growing season (the second to third week of April). Abundance of each species was recorded in 1998 and total plant density was recorded in 1999 and 2000 for each census. At the end of the growing season all above-ground vegetation was harvested. The plants were dried at 60 °C for 48 h and weighed. In 1998, all sand (top 2 cm) and remaining material were also collected from the plots (and sieved) to provide an estimate of seed production per plot.
In 1999, half of the blocks at both positions on the dune were randomly assigned to an additional water treatment. Control blocks received only natural rainfall and treatment blocks were hand watered with a very fine nozzle early in the morning receiving 1 L of water per plot every 10 days (equivalent to 100 mm of precipitation in addition to rainfall).

The effect of seed density on the plant community was primarily tested by comparing the emergence index, proportion surviving and mean final plant size. The emergence index is a measure of the probability of emerging and was calculated by dividing the total number of emergent seedlings by the number of seeds added. The mass of seed added to each plot was converted to seed number by dividing by the calculated mean number of seeds per gram (based on trial counts and average seed sizes). The proportion surviving (from the total number of emergent seedlings) was calculated for the mid-season and end of season censuses, and mean plant size (biomass/density) was calculated at the end of the growing season. Differences between groups for each of the three response variables were tested by repeated measures s (for proportion surviving throughout the season) or s (emergence index and mean final plant size) using JMP 4 (SAS 2000). The main effects were initial seed density, topographic position (lower-upper), census (for proportion surviving) and their interactions. In 1998, species diversity, E var (Smith & Wilson 1996) , was also tested as a response variable. The diversity data were also compared with a null model of increasing diversity with increased seed density due to a sampling effect (Goldberg & Estabrook 1998) . In 1999, supplemental water addition was also tested as a main effect in the  models.
Density dependence within the plant community at different life-stages and topographic positions was tested each year using regression analyses similar to Goldberg et al. (2001) , including linear, power (ln(x) and ln(y)), semilog (ln(x) (y), and reciprocal (x, 1/y) functions. The model of best fit (highest R2) is reported. The emergence index was regressed against initial seed density, and mean plant size and final proportion surviving were regressed against final plant density. It was predicted that the population level response (final proportion surviving) should increase linearly with the number of seeds planted if there is no density dependence in the community (null). Non-linearity indicates density dependence (concave = competition and convex = facilitation). For the individual performance measures, the emergence index and mean plant size, the null relationships have zero slopes, i.e. both the probability of an individual seed emerging and plant size are independent of density. A significant positive slope suggests facilitation and a negative slope competition.
Differences between years in the effects of initial seed density on all performance measures were also compared using s. The main effects were year, topographic position, seed density and interactions with year. Only comparable plots were included in these analyses, i.e. plots in 1999 that received additional water were not included.
Results
 
The control plots tested in 1998 had a small number of seeds germinate (mean = eight plants), but these numbers were significantly less than the emergent plant density of all other plots (, F 5,72 = 13.73, P = 0.0001, with contrast analyses P < 0.001, mean for lowest emergent plant density from a treatment plot, 1/16× = 50.3 plants).
 
Initial seed density effects
The analyses of initial seed density effects within each year and between years demonstrated a range of responses from no effect of low initial seed density to significant negative effects at higher seed densities. In all 3 years, the emergence index generally decreased with higher seed densities (Fig. 1a, Table 1 ), whereas the proportion surviving throughout the Table 1 s for final response variables to initial seed density manipulations in 1998, 1999, 2000 (df denominator = 71). Sequential Bonferroni corrections were applied for each response variable and only significant values are in bold. Differences in proportion surviving were tested with a full-factorial repeated measures  as proportion surviving to each census was calculated. There were no significant interaction effects with census so only the main effect is reported here. Position refers to topographic position on the dune (lower and upper, which correspond to high and low soil moisture, respectively), and water to the addition of water to half the blocks (1999 only) season and mean plant size were unaffected (Fig. 1c,d , Table 1 ). There were some differences, but they were not consistent across years and the correction for multiple tests made most trends statistically nonsignificant (Table 1) . Plant diversity was also unaffected by initial seed density (s, P > 0.25). Although species diversity increased in higher seed densities (data not shown), observed diversity was frequently much lower than the null expected at a given density (P > 0.05, same approach as Goldberg & Estabrook 1998) .
Density dependence within the plant community
Regression analyses detected both density-dependent and independent processes. In 1998, only the emergence index demonstrated density dependence (Fig. 2a, Table 2) ; the relationship was negative (slope of line significantly different from 0 and negative) and shows competition at higher densities. There were no differences between the two positions on the natural soil moisture gradient for any response variable in 1998 (s, P > 0.05). The topographic positions did not Fig. 1 A comparison of effects of initial seed density (relative to natural seed density in the field) and topographic position on the performance of an annual plant community. Seeds were sown prior to the growing season (November) at lower and upper sites (high and low soil moisture, respectively). The emergence index is the proportion of seeds that germinated based on total (maximum) emergence. The proportion surviving is the number of individuals at each census /total emergence density (from repeated measures s with no significant interactions between census and seed density, P > 0.05). Mean plant size was calculated as total biomass per plot/total final plant density. The error bars are ± SE.
differ in 1999; both the emergence index and mean plant size were negatively density dependent (Fig. 3a-d , Table 2 ), while the proportion of individuals surviving was density independent (Fig. 3e ,f, Table 2 ). In 2000, the emergence index was negatively density dependent only for the upper position on the dune but mean plant size was negatively density dependent for the lower position ( Fig. 4a-d , Table 2 ). Proportion surviving was density independent at both positions (Fig. 4e,f ) . Overall, the emergence index and mean plant size were generally negatively related to density, while proportion surviving was density independent.
 
Earlier life stages were generally more affected by initial seed density (i.e. negative effects on seedling emergence, Fig. 1a ) than later ones (final mean plant size unaffected by initial seed density in all 3 years, Fig. 1d ). Density-dependent processes within the plant community were generally negative early in the growing season (regression of emergence indices on initial seed density) but became either negatively density dependent (mean plant size versus final plant density) or density independent (proportion surviving in all cases). The proportion of individuals surviving within each season significantly decreased with time (Table 1 with contrast analyses for census times, P < 0.01).

The level of natural soil moisture influenced the plant communities by significantly reducing growth at the upper position on the dune (Fig. 1e ,f,g,h) but generally did not interact with initial seed density (Table 1) . Similarly, density-dependent processes within the Table 2 Regression coefficients for interactions within the emergent vegetation. Position refers to topographic position on the sand dune. In 1998, the two sites were pooled as there were no significant differences between them for any of the response variables (s, P > 0.05). The P-values reported here refer to whether the slope of the line is significantly different from zero. Significant P-values are in bold after sequential Bonferroni corrections. Fig. 2 The effects of density on the performance of an annual plant community in the 1998 growing season. High and low sites are combined. Regression coefficients and fitted models are reported in Table 2. community generally did not differ with topographic position, except in 2000 when the emergence index was negatively density dependent only at the upper position (Table 2 ). There was also no effect of water addition in 1999 on any performance measure for initial seed densities or density dependence within the community (Table 1) .
 
There were significant differences between the 3 years tested in terms of the emergence index, plant density, proportion surviving and mean plant size (Table 3) . The highest emergence and final plant density were in 1999 (Fig. 1a,b) , and the largest plants and the highest proportion surviving (upper dune only) in 1998 (Fig. 1c,d ). Density-dependent processes within the community also changed between years (Figs 2-4) . The 2 dry years (1999, 2000) were similar insofar as they expressed differences between positions (in emergence), while the wettest year, 1998, did not.
Discussion
Density-dependent processes are typically tested at the population level. Unfortunately, a shortcoming of this approach is that the target population is typically embedded in a matrix of neighbouring species, i.e. a community. This shortcoming has been addressed by Goldberg et al. (2001) by using the initial community density approach (Goldberg et al. 1995) , which generates a range of population densities for all of the species typically represented in the community. However, a second difficulty is that common perceptions about density-dependent processes are not explicitly formulated nor tested, for example: What parameter is being regulated? Are density-dependent responses linear? What range of population densities are affected (Murray 1994) ? Thirdly, interactions between species (i.e. effects of one species on another) and the outcome of these interactions (e.g. which species dominates) are not clearly differentiated, and density dependent processes likely also vary throughout the life cycle (Connolly et al. 2001) . We specifically addressed all three of these difficulties by making specific testable predictions, by measuring interactions within the community and final outcomes, and by differentiating between early season and late season effects by measuring both initial effects of seed density and density-dependent interactions throughout the growing season. This experimental approach thus determines if processes such as emergence or survival have an impact at the community level. Two questions emerge when we consider a growing plant community. First, do initial starting conditions influence the subsequent structure of the early emergent and later established community? In essence, are initial treatments as important as subsequent interactions on the final plant community? Secondly, what impact do interactions occurring within the developing plant community have on final plant community structure? To address these questions we divided the life cycle of the plants into two distinct phases: seed to emergent seedlings, and emergent seedlings to established plants. The early phase includes the process of emergence, with the end product being density of seedlings, and the later phase includes survival and growth rate, with the end products being density and dry weight of survivors. The experimental manipulation of seed density generates a range of seed and seedling densities. Increasing seed density decreased the probability of a seedling emerging, while measures of growth or survival at later life stages were unaffected by the initial seed density. Later in the season as the plants grow, interactions between these established plants are more important than the initial seed densities sown (Callaway & Walker 1997; Holmgren et al. 1997) . However, the community in which these densitydependent processes occur is established by early interactions between seeds and seedling. Analysis of the established plant community showed that there was significant divergence from the emergent plant community. Density-dependent processes at later life stages, chiefly growth rate, determined the final plant community, while initial seed densities did not. Table 2 .
The initial effects of seed density and subsequent interaction between plants may not always act in the same direction. For instance, increased seed density strongly reduced the proportion of seeds that emerged in all three seasons, while subsequent survival was not related to increases in plant densities. Depending on the strength of the interactions at different life stages, we may see net positive or net negative outcomes for the final plant community. Admittedly, very few studies have tested for, and detected, interactions between seeds or seedlings. Nonetheless, there are a growing number of studies that have identified both positive (Linhart 1976; Waite & Hutchings 1978; Smith 1983; Adler et al. 1993) and negative (Palmblad 1968; Murray 1998; Goldberg et al. 2001 ) effects of manipulating seed density on germination and emergence. It has been shown that seeds may 'sense' other seeds, e.g. by the release of leachates (Murray 1998) , and change patterns in germination either through accelerated emergence (Dyer et al. 2000) or by reduced emergence (Murray 1998; Goldberg et al. 2001 ). Although we can only speculate, the negative effects of increased seed density may also be a product of chemical inhibition by some of the species of seeds within the community (Qadir & Abbasi 1971) . Therefore, it is crucial to measure both initial effects of density and subsequent interactions between plants to understand what processes influenced the emergent plant community.
The second question we address was the overall importance of density dependence within the establishing plant community. It appears that competition influences this plant community through its effects on differential growth rate rather than on differential survival. This would typically be interpreted as regulation. But is it regulation or limitation? White (2001) would argue that decreases in mean plant size could be attributed to limitation of a key resource such as water and that competition is a consequence of shortage in a resource, not a cause. This may be true, particularly as mean plant size was density independent in the wet year and negatively density dependent in the two dry years. However, the negative density dependence for emergence of seedlings is not likely to be related to a limitation in water for the following reasons. The experimental addition of water had no effect on seedling emergence, and emergence did not differ between years (one wet year and two dry years). Density-dependent emergence is thus more reasonably attributed to regulation via interference through the production of leachates as discussed earlier. The density independence of survival throughout the growing season similarly suggests that resource limitation is not important in determining survival once the plants are established. Hence, regulation and limitation may both be important in structuring this plant community, with regulation determining establishment and limitation determining growth. White (2001) is correct in stating that we often assume that the number of individuals in a population or community are regulated below the capacity of the environment without testing if limitation is actually determining the numbers instead. Our results suggest that it is perhaps premature to conclude that there is no regulation at the community level, but that we do need to be cautious when interpreting single measures as either limitation or regulation.
As expected, the effects of initial seed density and density dependence varied with life stage. The effects of initial seed density were important early in the growing season but had little effect thereafter. It has been proposed that facilitation is more important for earlier life Table 3 s for final response variables to initial seed density manipulations across three seasons (1998-2000, df denominator = 137) . Interactions between main effects such as position × seed density are reported in the analyses for each year. Significant Pvalues are in bold (sequential Bonferroni correction did not change stages and that as plants increase in size they are more likely to compete (Callaway & Walker 1997 Fowler 1986 ). We predicted that topographic position and year would also significantly interact with density effects. Whilst topographic position affected the plant community (lower soil moisture site reduced performance), position did not interact with the effects of initial seed density. Furthermore, the lack of a clear difference between sites in the patterns of density dependence support the hypothesis that the net effect of changing productivity is a relatively constant intensity of competition (Newman 1973; Tilman 1988) . The regular addition of water to plots also had no appreciable effect on performance or on the effects of density, which suggests that either competitive intensity is relatively constant or that the pulsing of the resource (i.e. frequency of rainfall and duration between events) is more important than the actual magnitude (Novoplansky & Goldberg 2001) . The natural soil moisture gradient we used (i.e. position on dune) encompassed a greater range of abiotic conditions than the experimental addition of water as there were reductions in survival and growth at the naturally lower soil moisture site but no differences with water addition. The type of gradient tested thus has the potential to influence our ability to detect plant interactions (Goldberg & Barton 1992; Kadmon 1995) . In this dune system, natural soil moisture affects the plant community but does not directly influence the interactions within the plant community (i.e. densitydependent processes). Further work that tests the effects of timing and frequency of limiting resources will determine whether soil moisture (and subsequent productivity) can affect interactions between plants in this capacity.
Overall, our results show that regulation and limitation both played a role in structuring this dune community, with regulation determining emergence and limitation determining growth rates. The year-to-year variation and lack of strong consistent effects of moisture gradients suggest that interactions within the plant community may not necessarily change with productivity (at least above ground). These results suggest that it is critical to use successive measurements spanning the entire life stage of plants and that communitylevel net outcomes may differ from interactions between seeds and seedlings, or within the established plant community.
